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The distribution ranges of Eurasian arctic vascular plants are studied to identify and characterise signiﬁcant range
types and their distribution along longitudinal and latitudinal gradients, and to analyse the range size distribution of
arctic plants. We also address the distribution of plant diversity in the Eurasian Arctic and possible environmental
reasons for the patterns observed. Cluster and correlation analyses are conducted on a distribution database
established for 1690 vascular plants observed in the Eurasian Arctic. The database records occurrences of the species
separately for each of 184 partial areas encompassing almost the entire Holarctic. Highest species numbers of Eurasian
arctic plants were observed outside the Arctic, namely in the high mountain ranges of Europe, Siberia and the Far
East. Within the Eurasian Arctic, highest species numbers were observed in the European Arctic and Chukotka. The
species of the entire Eurasian Arctic could be afﬁliated with 15 range types. These range types revealed that the
Eurasian arctic ﬂora has three major constituents: endemics and sub-endemics, species of three southern high
mountain ranges, and widespread species. A principal ‘source of origin’ contributing to the diversity of the Eurasian
arctic ﬂora was not evident. Widespread species are more abundant in the western than in the eastern Eurasian arctic
ﬂora, where endemics and sub-endemics prevail. The current climate of the northern hemisphere, not only vegetation
history, is identiﬁed as an important factor in shaping these patterns.
r 2008 Gesellschaft fu¨r Biologische Systematik. Published by Elsevier GmbH. All rights reserved.
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The Eurasian Arctic is a large area with a relatively
low number of species of vascular plants, which results
from the harsh environmental conditions. The relatively
recent origin of its ﬂora compared to, for example,
tropical or temperate ecosystems may also explain this
species paucity. During the Tertiary, the arctic land-
masses supported richly developed forests, termede front matter r 2008 Gesellschaft fu¨r Biologische Systemat
e.2007.11.001
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n).Arcto-Tertiary or boreal ﬂora (Mai 1995). Although
extensive glaciations were absent, Tertiary fossils from
mostly riparian habitats or bogs, but also well-drained
uplands with herb and dwarf-shrub communities,
indicate that some genera or species currently found in
the arctic tundra were already present in this region, e.g.
species of Dryas L., Draba L., Saxifraga L., or several
Caryophyllaceae (Bennike and Bøcher 1990; Matthews
and Ovenden 1990; Murray 1995).
The present arctic ﬂora is recruited from, ﬁrstly, the
autochthonous taxa of the Arcto-Tertiary vegetation
and, secondly, from more recent Quaternary migrants
that were somewhat preadapted to arctic environmentalik. Published by Elsevier GmbH. All rights reserved.
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taxa of ancient high mountain ranges in Asia and North
America (Hulte´n 1937, 1958; Tolmachev 1960; Weber
1965; Hedberg 1992), though this has been hard to
prove precisely (Mai 1995). A third group of arctic
plants, such as annuals or short-lived perennials like
Rorippa palustris (L.) Besser, are widespread taxa with
wide ecological amplitudes enabling them to cope with
arctic conditions. As addressed by Abbott and Broch-
mann (2003), the origins of the founding stocks of the
arctic ﬂora, which ﬁrst appeared in the Arctic at the end
of the Pliocene c. 3 million years ago, are largely
unknown, although some progress has been made with
respect to fossils and molecular phylogeographic data.
In addition, a large amount of new data in the ﬂoristic
inventory of the Arctic has accumulated during the past
decades that has not been thoroughly analysed biogeo-
graphically. In the present study we trace the distribu-
tion patterns of the species present in the Eurasian
Arctic (in this study termed ‘Eurasian arctic plants’) for
a wide corridor extending southwards to the temperate
and submeridional zones. This approach will identify
how the plant species of the arctic ﬂora are distributed
along latitudinal and longitudinal gradients, to supple-
ment previous studies on plant distribution within the
Arctic (e.g. Young 1971; Matveyeva 1994; Yurtsev et al.
2001, 2002; Sekretareva 2004) which showed a trend of
increasing plant diversity from the West to the East,
interpreted as a result of Quaternary glaciations.
Diversity-rich regions in the Arctic have been
regarded as glacial refugia for the present-day arctic
ﬂora (Hulte´n 1937; Young 1971; Yurtsev et al. 2001,
2002). Based on species richness, ‘Beringia’, comprising
the eastern Siberian and north-western American
regions on both sides of the Bering Strait and Bering
Sea, has been considered as a major refuge that was less
glaciated than most other parts of the high-latitude
northern hemisphere during the Quaternary (Frenzel
et al. 1992). Recent molecular phylogeographic studies
of circumarctic plant species conﬁrmed Beringia
as a possible northern glacial refuge, for example in
Saxifraga oppositifolia L., S. cernua L. and Vaccinium
uliginosum L. (Abbott and Brochmann 2003; Bronken
et al. 2001; Alsos et al. 2005; Eidesen et al. 2007).
Due to different evolutionary histories, different
dispersal mechanisms, migrations, and the effects of
climate, soil and biotic interactions, plant distributions
are highly diverse (e.g. Woodward 1987; Brown and
Lomolino 1998; Comes and Kadereit 1998). Many of
them, however, have similar shapes, frequently corre-
lated with common ecological characters of the species
concerned such as occurrence in the same or in similar
plant communities, comparable timing of germination
or similar life cycles (e.g. Ja¨ger 1970; Birks 1976; Meusel
and Ja¨ger 1992; Hoffmann 2000). Combining similar
ranges into range types or geographical elements, asfrequently done in biogeography (e.g. Meusel and Ja¨ger
1992; Qian 1999; Qian et al. 2003), reduces the diversity
of distributions to comprehensible units but requires a
certain degree of generalisation.
Range types are inferred by either assigning the
ranges of species to predeﬁned groups (e.g. an ‘East
Asian distribution type’) or clustering the different
ranges according to similarity into groups that are
named afterwards. The ﬁrst method facilitates subse-
quent additions of further species that are classiﬁed
according to the given scheme of range types, but
contains a potential source of error, because meaningful
variants in distribution may be overlooked and erro-
neously subsumed under the deﬁned pattern. Cluster
analysis, on the other hand, makes use of different
algorithms to calculate similarity or dissimilarity be-
tween ranges. Although groups of similar ranges are
reliably identiﬁed in a hierarchical structure generated
by this approach, it is difﬁcult to deﬁne a meaningful
number of clusters to be recognised as range types (see
Material and methods). Furthermore, inclusion of
additional species ranges always requires recalculation
of the entire data set. Despite such disadvantages this
kind of analysis is mathematically more profound and
dynamic also with respect to complementary future
studies. Thus it was decided to evaluate a database of
distribution ranges for the Eurasian arctic vascular
plants including their occurrences outside the Arctic.
This database was generated in the present study.
The geographical delineation of the Eurasian Arctic
used in this study follows the Arkticheskaya Flora SSSR
(Tolmachev 1960–1987) that regarded the taiga tree line
as the southern border in the continental interior of
Eurasia. For the Far East the ﬂoristic border of the
Arctic was proposed distinctively north of the tree line,
and therefore crosses treeless areas due to the prevalent
oceanic climate of this region (Yurtsev 1994; Elvebakk
et al. 1999).
The vascular plant species occurring in the Eurasian
Arctic were selected for analysis; each was scored for its
entire distribution using a large number of printed ﬂoras
and online sources as speciﬁed in Material and methods.
In total, the data matrix consists of 1690 plant species
present in the Eurasian Arctic, with presence/absence
entries made separately for 184 geographical units which
together cover most of the Holarctic (see Material and
methods; Figs. 1 and 2). Deﬁnition of these units follows
the Arkticheskaya Flora and the other Floras or
databases consulted, irrespective of whether these
sources followed phytogeographical, geographical or
simply administrative borders. In cases of geographical
overlap between different treatments covering the same
areas – for example, the European part of Russia being
treated by both Flora Europaea (Tutin et al. 1964–1980,
1993) and Flora of Eastern Europe (Fedorov and
Tzvelev 1974–2004) – we consistently used the more
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Fig. 1. Study area on the northern hemisphere in Times projection, showing areas of the Floras used for compilation of the database
as well as the 184 partial areas. Partial areas of the Arkticheskaya Flora SSSR (Tolmachev 1960–1987) are numbered:
1 ¼Murmansk, 2 ¼ Kanino-Pechorskiy r. (rayon, i.e. area), 3 ¼ Polyarnyy Ural, 4 ¼ Jugorskiy r., 5 ¼ Novaya Zemlya, 6 ¼ Franz
Josef Land, 7 ¼ Obsko-Tazovskiy r., 8 ¼ Yeniseyskiy r., 9 ¼ Taymyrskiy r., 10 ¼ Anabaro-Olenekskiy r., 11 ¼ Lenskiy r.,
12 ¼ Yano-Kolymskiy r., 13 ¼ Severochukotskiy r., 14 ¼ Chukotsko-Beringovskiy r., 15 ¼ Anadyrskiy r. Abbreviations for
ﬂoristic treatments: S&S ¼ Shetler and Skog (1978), FE ¼ Flora Europaea (Tutin et al. 1964–1980, 1993), EE ¼ Flora of Eastern
Europe (Fedorov and Tzvelev 1974–2004), Ka ¼ Flora Kazakhstana (Pavlov 1956–1966), M ¼Mongolia (Gubanov 1996),
FS ¼ Flora Sibiri (Krasnoborov et al. 1988–1997), FaE ¼ Flora of the Soviet Far East (Charkevicz 1985–1996), C ¼ Flora of
Northeast China (Peiyun 1995), Ko ¼ illustrated Flora of Korea (Lee 1989), J ¼ Flora of Japan (Ohwi 1965).
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scaled distribution data that enabled us to establish
more detailed geographical partial areas (in this case 15
partial areas instead of 6 used by Flora Europaea).
The distribution data for the vascular plants of the
Eurasian Arctic are analysed under the following
aspects. (1) Which main range types can be identiﬁed
for the Eurasian arctic ﬂora when considering not only
endemics, i.e. taxa conﬁned to the Eurasian Arctic or
parts of it, but also the large group of species present in
this region but not conﬁned to it? These latter species are
most signiﬁcant for taxon recruitment of the present-day
Eurasian arctic ﬂora but may have highly varied entire
distribution areas as traced in this study for the ﬁrst
time. (2) How are species distributed along longitudinal
and latitudinal gradients within the Eurasian Arctic, and
are range sizes (i.e. geographical extension of entire
distribution areas) correlated with such gradients? If so,
these correlations suggest that the present-day environ-
ment impacts species diversity patterns across the
Eurasian Arctic. This outcome would facilitate better
assessment of the role of present-day and past factors
(e.g. extinction, survival in refuges, recolonisation) in
shaping the current diversity distribution of this region.Material and methods
Data sources and taxonomic treatment
The Arkticheskaya Flora SSSR (Tolmachev
1960–1987), because of its detailed and reliable recordsfor all species present in the Eurasian Arctic, served as
the initial basis for the present study. Except for some
questionable micro-taxa, all species treated in that Flora
were included in this biogeographical study. The
Arkticheskaya Flora is easy to compare with accounts
of adjacent areas within and outside the former Soviet
Union because of its consistent and cross-referenced lists
of synonyms (European part of Russia, Russian Far
East, Kazakhstan, Mongolia, etc.; see below). The
network of Russian Floras geographically covers the
widest part of Eurasia and proved highly valuable for
ﬁnding the distributions of Eurasian arctic species
outside of the Arctic.
Potential occurrences of the same taxa sometimes
proved difﬁcult to trace for North America and the North
American Arctic, mostly due to unclear synonymy. For
the American Arctic, the online checklist (www.binran.spb.
ru/projects/paf/checklist/pafchckl.htm) of the ‘Panarctic
Flora Project’ (Elvebakk et al. 1999; Nordal et al. 1999)
was used; for the whole of North America we referred to
the checklists by Shetler and Skog (1978), Kartesz (1999)
and to the USDA’s ‘PLANTS’ database (http://plants.
usda.gov/index.html). Most synonymy-associated pro-
blems, i.e. where the same taxon appeared under names
differing between the two continents, could be solved.
The Floras of Far East countries, particularly of Japan
and Korea, deviated even more strongly in nomencla-
ture, but the recent Flora of the Soviet Far East
(Charkevicz 1985–1996) aided in overcoming most
discrepancies. In cases of doubt, ‘micro-taxa’ recognised
by only some ﬂoristic treatments were subsumed under
their respective ‘collective species’. This merging into
collective species probably alleviated the potential
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Fig. 2. Distribution of plant species numbers in the study area. The numbers for each partial area are indicated and visualised by
shading from light to dark grey.
N.V. Tkach et al. / Organisms, Diversity & Evolution 8 (2008) 251–266254taxonomic artifact of different treatments of species,
thereby potentially increasing species numbers in some
regions in comparison with others.
Strategy of data collection
Most ﬂoristic accounts for the former Soviet Union
divided their study areas into smaller regions for which
the presence of taxa was recorded separately. This
approach to roughly map the distributions of species in
predeﬁned areas was extended in the present study to
include Europe, Mongolia, north-eastern China, Japan,
Korea and North America (Figs. 1 and 2). Presence/
absence data were recorded for a total of 184 regions,regardless of whether they had been deﬁned as countries
(e.g. in Europe), administrative areas (e.g. in Siberia) or
biogeographic regions (Eurasian Arctic, areas within
Mongolia; Fig. 1). Occurrences identiﬁed as synanthro-
pic in the original sources were excluded.
For the southern part of Chukotka we used the
more recent Flora of the Soviet Far East (Charkevicz
1985–1996) instead of the Arkticheskaya Flora
(Tolmachev 1960–1987). This reduced the size of the
Anadyrskiy rayon (district) relative to its deﬁnition in
the Arkticheskaya Flora. Instead of the broadly deﬁned
Koryakskiy rayon of the Arkticheskaya Flora we used
the ﬁner division into three regions by the Flora of the
Soviet Far East (Fig. 1).
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not treated by any of the Floras evaluated (parts of the
Orenburgskaya, Chelyabinskaya and Sverdlovskaya
oblasts or districts). As we are unaware of local ﬂoristic
inventories for this region, it remains blank in our maps
(Fig. 2). We opted not to use older Floras covering the
entire Soviet Union or western Siberia to ﬁll this gap.
Use of these Floras would have introduced many errors
due to different coverage of the area and a purportedly
incomplete inventory for the districts in questions.
Data analysis and statistics
Geographical extension of species distributions (range
sizes) in the study area (Figs. 1 and 2) were estimated by
summing the partial regions with occurrences. This is
expected to provide an estimate of the complete range
size, in particular its extent (Gaston 1991). Although
this measure is rather coarse, range size estimation
should not be biased among species. Sizes of the
digitised partial areas were calculated using the software
package Arc/Info (ESRI 1997).
Hierarchical cluster analysis on the distribution data
matrix (1690 species for 184 areas; see Electronic
Appendix Table 1 under Supplementary material in
the online version of this paper) was performed using
the Ward method, squared Euclidean distance dissim-
ilarity, and Jaccard and Dice similarity measures (van
Balgooy 1971; SPSS 1999). Floristic similarity compar-
ison among the different partial regions was calculated
using the Jaccard index, which equally weights co-
occurrence and absence from one of two areas but does
not consider joint coabsences of species.
Climatic data, i.e. data from different seasons
(monthly means of precipitation and temperature,
respectively, for January, May, July and October) were
obtained from the ‘CLIMATE’ database, version 2.1
(W. Cramer, Potsdam Institute of Climate Impact
Research, Germany, pers. comm.; Leemans and Cramer
1991). For each region of the Eurasian Arctic (regions
AF1–AF15 in Fig. 1) the seasonal means of precipita-
tion and temperature were calculated and used for
correlation analysis. The CLIMATE database also
provides altitudinal information about interpolated grid
points that were used for estimating the relief energy of
each area (span between minimum and maximum
elevation of the areas). All statistical tests were made
using the software SPSS (SPSS 1999).
Results
Range types of Eurasian arctic plant species
Cluster analyses of the distribution data matrix
employing the Jaccard and Dice similarity measuresled to range types that separated endemic species into
different types, whereas widespread species were as-
sembled under a few large groups. Using squared
Euclidean distances, the large distribution ranges
became structured more clearly, but all species with
narrow distributions were combined in a single cluster,
irrespective of the particular shape of their distribution.
Because of its better resolution for large ranges, the
squared Euclidean distance method thus was chosen for
the calculations.
Although few and unambiguously deﬁned range
types, deducible from conspicuous break points in the
coefﬁcients of the agglomeration schedule, were not
evident in the cluster analyses, the calculations suggested
to recognise either many sharply deﬁned range types
with rather small differences or only few range types
that are easier to survey but have intergrading char-
acters. We compared the practicability of using different
numbers of range types and ﬁnally considered 15 range
types as appropriate to describe and name the overall
distributions of the Eurasian arctic species in sufﬁcient
detail (Table 1).
The range types had a rather even geographical
arrangement (Fig. 3). Five had a centre in western
Eurasia (European, West Eurasian, arctic-alpine Eur-
opean, arctic North European, amphi-Atlantic), four
were centred in eastern Eurasia (East Asian, amphi-
Beringian, arctic Asian, arctic-alpine Eurasian), and two
in southern Siberia (alpine Siberian, East European-
Siberian). Species with circumpolar distribution ranges
that are widespread across the Holarctic were segregated
into three different range types (arctic circumpolar, cold
circumpolar, warm circumpolar). A further group of
ranges which we termed ‘Small ranges’ consisted mainly
of arctic endemics and other species with a narrow but
highly split, disjunctive distribution range over geogra-
phically sometimes widely separated partial areas.
The species numbers for the range types (Fig. 4)
showed that most species present in the Eurasian
arctic ﬂora belonged to the cluster of ‘Small ranges’
(301 species). It comprised 70 westerly, northern
European and 231 easterly, northeast Asian
taxa. Species with amphi-Beringian (amphi-Ber)
distributions were the second numerous (201), followed
by species with a differently wide arctic distribution
[Circpol (arct); 142 species] or an arctic distribution
with additional occurrences in several southern Siberian
high mountains [Sib (arct); 127 species]. Some other
range types (e.g. European, East Asian) did not differ
much from those mentioned above in species numbers
(Fig. 4). A rather low proportion of the Eurasian
arctic ﬂora consisted of 50 circumpolar species
with an extended southern distribution [Circpol
(warm)], e.g. the aquatic plants Myriophyllum verticilla-
tum L., Alisma plantago-aquatica L. and Potamogeton
pectinatus L. The smallest range type, with 34 species,
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Table 1. Characteristic taxa of the 15 range types in the Eurasian Arctic; nomenclature according to the ‘‘Panarctic Flora Project’’
(see text under Material and methods)
Range type Abbreviation Taxon
Arctic North European NEur (arct) Primula nutans subsp. finmarchica
Castilleja lapponica
Primula stricta
Arctic-alpine Eurasian Euras (arct-alp) Salix hastata
Viola biflora
Pedicularis oederi
European Eur Trollius europaeus
Nardus stricta
Alnus incana
West Eurasian W Euras Barbarea stricta
Ranunculus polyanthemos
Betula pubescens
Amphi-Atlantic amphi-Atl Fragaria vesca
Catabrosa aquatica
Geum rivale
East European Siberian EEur-Sib Picea abies subsp. obovata
Poa sibirica
Salix myrtilloides
Alpine Siberian Sib (alp) Zigadenus sibiricus
Stellaria peduncularis
Viola uniflora
Arctic Asian As (arct) Saxifraga redofskyi
Isatis tinctoria subsp. jacutensis
Ranunculus turneri subsp. jacuticus
Small ranges Small ranges Eritrichium tschuktschorum
Oxytropis wrangelii
Puccinellia colpodioides
Draba pohlei
Astragalus tolmaczevii
Ranunculus tricrenatus
Amphi-Beringian amphi-Ber Carex membranacea
Beckwithia chamissonis
Primula tschuktschorum
East Asian EAs Carex vanheurckii
Cassiope ericoides
Pinguicula spathulata
Arctic-alpine European Eur (arct-alp) Cicerbita alpina
Juncus trifidus
Chamorchis alpina
Arctic circumpolar Circpol (arct) Poa arctica
Cassiope tetragona
Saxifraga hyperborea
Cold circumpolar Circpol (cold) Poa palustris
Parnassia palustris
Comarum palustre
Warm circumpolar Circpol (warm) Alisma plantago-aquatica
Hieracium umbellatum
Chamerion angustifolium
N.V. Tkach et al. / Organisms, Diversity & Evolution 8 (2008) 251–266256comprises species with large disjunctive distribution
ranges between parts of the Arctic and few southern
high mountains (Euras (arct-alp), e.g. Lloydia serotina
(L.) Rchb., Woodsia ilvensis (L.) R. Br., Sibbaldia
procumbens L.Diversity distribution within the Eurasian Arctic
The distribution ranges of the 1690 Eurasian
arctic plant species as inferred from their occurrences
in the partial areas (Fig. 1) were overlaid to obtain
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Fig. 3. Range types of Eurasian arctic species shown for 184 partial areas of the Holarctic as a composite distribution map of the
species belonging to the same range type. Colours from red to yellow signify decreasing numbers of taxa present in the areas; white
indicates absence. For abbreviations of range types, see Table 3.
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Fig. 4. Numbers of species in the 15 range types distinguished
for the plants present in the Eurasian Arctic.
N.V. Tkach et al. / Organisms, Diversity & Evolution 8 (2008) 251–266258a biodiversity map (Fig. 2). Within the Eurasian Arctic a
bimodal distribution of species was apparent, because
the Murmansk region (AF1) in the West and Chukotka
(AF13–AF15) in the East had the highest numbers of
species (see Fig. 1 for abbreviations). The large territory
in between was much poorer in species, except for the
regions encompassing the mouths of the rivers Yenisey
(AF8) and Lena (AF11) which were slightly richer in
species than adjacent regions. Species richness for
Chukotka was 20% lower (602 species in area AF15)
than previously estimated (Takhtajan 1978). Therefore,
Chukotka had no higher species diversity than the
Western Eurasian Arctic (701 species in AF1; Fig. 2).
The lowest species diversity was encountered in the
northern islands, namely Svalbard (Spitsbergen and
Bjønøya), Franz Josef Land and Novaya Zemlya, but
there are no data for other islands in the Arctic Sea
(Severnaya Zemlya, Novosibirskiye Ostrova, Wrangel
Island, etc.).Diversity patterns of Eurasian arctic plant species
outside the Arctic
The highest diversity of species present in the
Eurasian Arctic was encountered, somewhat unexpect-
edly, in regions outside the Arctic (Fig. 2). North-
eastern Scandinavia, Karelia and the adjacent region tothe east in north-eastern Europe, between the White Sea
and the Ural Mountains, had the highest species
numbers. This latter region comprises mostly lowland
areas; its diversity in Eurasian arctic plant species is
probably due to the northern Ural Mountains bordering
the Polar Urals (AF3 in Fig. 1). Neighbouring centres of
species richness towards the East are the Putorana
Mountains west of the Central Siberian Plateau, the
southern Siberian mountain system (Altai and Sayan
Mountains), and in the Far East the mountains
bordering on the Sea of Okhotsk.
Considerable numbers of Eurasian arctic plant species
were observed, as expected, in southern regions with
high mountains, for example in Austria and Switzerland
(Alps) or the Mongolian and Gobi Altai regions. In the
Far East the Sikhote Alin Range, a mountain ridge
bordering the Sea of Japan and not exceeding 2100m in
altitude (its outmost south-eastern part is covered by the
Flora of the Soviet Far East), also harbours many
species present in the Arctic. Species common to these
regions mostly are also widespread elsewhere (e.g.
Ranunculus pygmaeus Wahlenb., Arabidopsis lyrata
(L.) O’Kane & Al-Shehbaz subsp. petraea (L.) O’Kane
& Al-Shehbaz) or have particularly disjunct ranges
which traditionally are termed arctic-alpine in the sense
that ‘alpine’ indicates the distribution in high mountains
outside the Arctic (Angelica gmelinii (DC.) M. Pimen.,
Saxifraga oppositifolia, Sibbaldia procumbens).
As expected, species number of Eurasian arctic plants
decreases from North to South. Low diversity was
encountered in the semi-desert and desert areas of
Middle and Central Asia and in the Nyukzhinskiy
area north of the Amur River in the Russian Far East
(Fig. 2). The latter may be an artifact when compared to
the neighbouring regions, possibly caused by inaccessi-
bility or poor botanical exploration of this region.Range types and centres of high diversity
The range types help to explain the distribution of
diversity as described above of the species present in the
Eurasian Arctic ﬂora, especially their diversity centres
outside the Arctic. The Arctic is the venue of six ﬂoristic
elements. (1) Species common to the western Eurasian
Arctic and the higher mountains of Europe [European
arctic-alpine species, Eur (arct-alp); Fig. 3] form a
European centre of diversity outside the Arctic. (2) The
high diversity in the Sikhote Alin Range of eastern Asia
is comparable with that of element 1, but here species of
the eastern Asian Arctic are involved (East Asian arctic-
alpine species, Eas). (3) The mountain systems of
southern Siberia rich in species present in the Arctic
are characterised by a remarkable co-occurrence of
species that otherwise segregate into separate western
and eastern distributions with low geographical overlap
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Table 2. Pairwise comparisons of ﬂoristic composition among the Eurasian Arctic partial areas using the Jaccard index
Partial area AF-1 AF-2 AF-3 AF-4 AF-5 AF-6 AF-7 AF-8 AF-9 AF-10 AF-11 AF-12 AF-13 AF-14
AF-2 0.518
AF-3 0.341 0.541
AF-4 0.230 0.357 0.465
AF-5 0.163 0.228 0.302 0.540
AF-6 0.025 0.033 0.054 0.098 0.164
AF-7 0.309 0.463 0.555 0.439 0.338 0.069
AF-8 0.284 0.419 0.532 0.411 0.297 0.058 0.587
AF-9 0.184 0.283 0.400 0.418 0.375 0.076 0.442 0.511
AF-10 0.138 0.220 0.329 0.401 0.369 0.079 0.360 0.393 0.536
AF-11 0.182 0.269 0.357 0.339 0.278 0.056 0.385 0.464 0.572 0.530
AF-12 0.167 0.254 0.316 0.341 0.309 0.065 0.394 0.411 0.471 0.476 0.568
AF-13 0.145 0.209 0.263 0.293 0.253 0.056 0.298 0.319 0.403 0.400 0.490 0.529
AF-14 0.169 0.216 0.262 0.271 0.231 0.048 0.265 0.279 0.333 0.345 0.395 0.378 0.533
AF-15 0.182 0.247 0.296 0.253 0.194 0.036 0.321 0.335 0.331 0.333 0.443 0.488 0.545 0.524
Fig. 5. Geographical distribution of arctic stenochorous species, i.e. species present in no more than three partial areas, at least one
of which is situated in the Arctic. Species of Hieracium and Taraxacum are excluded; their inclusion would not change the occupied
partial areas but the number of species per area. For example, Murmansk (AF1) would contain 50 species instead of 6, the adjacent
area to the south 25 instead of 5, the Chukotsko-Beringovskiy rajon (AF14) 44 instead of 32.
N.V. Tkach et al. / Organisms, Diversity & Evolution 8 (2008) 251–266 259in the Arctic [Sib (alp)]. (4) Joint occurrences of species
with amphi-Beringian (amphi-Ber) and amphi-Atlantic
(amphi-Atl) distributions (Hulte´n 1958, 1968) explain
the higher number of species in Alaska relative to
Chukotka, since amphi-Atlantic species are frequently
widespread in North America and extend their ranges to
Alaska, but are absent from Chukotka. (5) Many species
of the Eurasian Arctic are very widespread. (6) The large
group of species with only small distribution ranges in
the Arctic and adjacent areas (‘Small ranges’ of
endemics, sub-endemics).
The range types found also reﬂect the change in the
ﬂoristic composition of the Eurasian Arctic along the
longitudinal gradient from West to East, i.e. a declining
abundance of species with European or amphi-Atlantic
distributions and a simultaneously increasing number of
Asian or amphi-Paciﬁc species (data not shown).
Circumpolar species are rather evenly distributed across
the Eurasian Arctic. The ﬂora of the northern archipe-lagos (Novaya Zemlya, Franz Josef Land and Svalbard)
showed high proportions of circumpolar-distributed and
strictly Asian arctic species. Svalbard (Spitsbergen and
Bjønøya), the most westerly located island, harbours a
higher fraction of European arctic species than the more
eastern islands.Floristic similarity between neighbouring areas in the
Eurasian Arctic
We tested the areas distinguished by the Arktiches-
kaya Flora (Fig. 1) for the presence of distinctive
biogeographical boundaries. These boundaries can be
deduced if two adjacent areas share only a low number
of species. Pairwise comparisons of the ﬂoristic compo-
sition using the Jaccard index (Table 2) revealed that all
neighbouring areas on the Eurasian Arctic mainland
shared 50–60% of their species, except regions AF2
ARTICLE IN PRESS
Table 3. Correlations of species number in the arctic partial areas (AF1–AF15) with seasonal means of climate variables for the
partial areas, and with partial area size
Temperature Precipitation Partial area size
January May July October January May July October
Pearson 0.169 0.636 0.77 0.196 0.274 0.381 0.839 0.543 0.057
Signiﬁcance 0.53083 0.0081* 0.00049* 0.46603 0.30365 0.14523 0.00005* 0.02975 0.8351
Asterisks indicate signiﬁcance after sequential Bonferroni correction.
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which had only 35.6% of species in common. A
distinctive biogeographical border along the longitudi-
nal gradient was, thus, not discernible. Floristic
similarity between the Eurasian mainland and the
northern islands is highest (53.9%) between the Jugors-
kiy rayon (AF4) and Novaya Zemlya (AF5) which are
separated by the c. 50 km wide Kara Strait. The
similarity between Svalbard – Franz Josef Land and
the mainland is distinctly lower.
The similarity values for all pairs of arctic mainland
partial areas show that the similarity between areas
mostly decreases with distance between two partial
areas. This indicates that no distinctive ﬂoristic bound-
ary exists in the Eurasian Arctic.Fig. 6. Distribution of range sizes among the arctic partial
areas. For names of regions, see Fig. 1; for further explana-
tions, see text under Results.Endemics of the Eurasian Arctic, species richness in
families
The arctic ﬂora is not particularly rich in species with
a narrow distribution range (endemics: species conﬁned
to an area and stenochorous species, i.e. species with a
small range; Fig. 5). Most species conﬁned to the Arctic
occupy comparatively wide ranges. Nevertheless, 72
species were clearly stenochorous and endemic to one
particular arctic area, 13 species were observed in only
two arctic partial areas (e.g. Draba pohlei Tolm.,
Potentilla tschukotica Jurtz. & Petrovsky). Two taxa
each occurred in three (Eritrichum tschuktschorum
Jurtz. & Petrovsky, Potentilla borealis Sojak), ﬁve
(Gastrolychnis pauciflora (Rupr.) Tzvel. subsp. pauci-
flora, Astragalus tolmaczevii Jurtz.) and six arctic areas
(Lychnis sibirica L. subsp. villosula (Trautv.) Tolm.,
Ranunculus tricrenatus (Rupr.) Jurtz. & Petrovsky),
respectively.
Considering endemics occurring in only one area,
separate analyses were made with or without species of
the mostly asexually reproducing, apomictic genera
Hieracium L. and Taraxacum L. Exceptionally high
numbers of Hieracium and Taraxacum species were
recognised for the western Eurasian Arctic, particularly
Scandinavia and the North of European Russia, which
led to high numbers of Arctic endemics for theseregions. Removing the species of Hieracium and
Taraxacum from the analysis revealed that all species
occurring in only one of the arctic areas were conﬁned to
Chukotka. Extending this analysis to species with
occurrences in up to three different areas basically
resulted in the same pattern: Chukotka has the highest
number of stenochorous species in the Eurasian Arctic if
Hieracium and Taraxacum are excluded (Fig. 5). The
wide area between the European Arctic and Chukotka is
almost devoid of stenochorous species; apparently only
Lychnis sibirica L. subsp. samojedorum Sambuk. is
conﬁned to the central Arctic and southerly adjacent
Siberian areas. All other species have wider distributions
that are centred either more westerly or easterly in the
Eurasian Arctic (see below).
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as the most genus- and species-rich family (319 species in
39 genera) for the Eurasian Arctic, followed by Poaceae
(157 species in 36 genera). Most large families had an
even distribution across the Eurasian Arctic in terms of
species number. Fabaceae and Saxifragaceae, however,
are most diverse in the East, Asteraceae in the West.Correlation of diversity with climate and range size
Correlation analysis between seasonal climate and
species number revealed clear patterns across the 15
regions of the Eurasian Arctic: The total number of
species per region increases with summer temperature
and summer precipitation (Table 3). The pattern
remained the same, irrespective of inclusion or exclusion
of the species of Hieracium and Taraxacum. Correla-
tions with other environmental variables such as relief
energy (span between minimum and maximum elevation
of the areas) were not signiﬁcant (data not shown). The
mean longitudes of the partial arctic areas (centre of
the partial arctic area along the East–West gradient)
were not signiﬁcantly correlated with the number of
species they harboured (data not shown). This indicates
that the diversity pattern apparently is not a function of
longitude.
Testing for normality of the range size distribution for
the set of 1690 species revealed a signiﬁcant departure
from normality when applied to either the raw data or
log-transformed range sizes. Visually, the graphs ap-
peared bell-shaped in many cases (data not shown). The
frequency distribution of range sizes across all species
was skewed to the right, due to a high number of rather
small ranges relative to mid-sized ones, and to a gradual
decline of the number of species with very large ranges
(Gaston 1998).
The sizes of distribution ranges were not equally
distributed across the arctic areas (Fig. 6). Species with
small ranges were more abundant in the region of
Murmansk (AF1) and in eastern Chukotka (AF14) than
in any other region of the Eurasian Arctic, which
resembles the pattern of species richness described
above. The geographical arrangement of species with
large ranges in the arctic regions is conspicuous: The
highest number of such species was encountered in the
European part of the Eurasian Arctic, whereas Chu-
kotka in the Far East harboured only about half as
many. However, no general longitudinal trend of
decreasing abundance of widespread species from West
to East was obvious, because some areas situated
between the Murmansk region (AF1) and eastern
Chukotka (AF14) had higher or lower numbers,
respectively, of widespread species than eastern Chu-
kotka (Fig. 6). The number of widespread species in
each of these areas appeared to be independent of thecorresponding area size. The rather small region AF11
(delta of the Lena River), for example, harboured more
widespread species than the large area AF9 (Taymyr
Peninsula). On the northern and generally species-
poorer islands of the Eurasian Arctic, species with
mid- or large-sized ranges prevailed and species with
small ranges were almost absent.
We tested our database for ‘occasional’ occurrences of
otherwise widespread species in the Eurasian Arctic. Of
such species, 413 occurred in only one of the 15 regions
of the Eurasian Arctic. Removing the arctic-subarctic
endemics from this ﬁgure, i.e. species present in up to
three areas outside of but adjacent to the Arctic, 353
more or less widespread species occupying only one
arctic area remained. These species belong mainly to the
European arctic-alpine (Eur arct-alp), the European
(Eur) and the amphi-Beringian range types (amphi-Ber;
Fig. 3). In other words, when widespread species occur
in the Arctic, they have a rather large arctic partial
range. This may indicate that synanthropic and occa-
sional species of the Eurasian Arctic have been excluded
from the data set as intended (see Material and
methods), or that these species, if introduced in the
distant past, nowadays are stably naturalised in many
parts of the Arctic. The wide climatic niches of these
widespread species apparently also permit a wide
distribution in arctic environments.Discussion
Estimation and utility of range types
Studies on the biogeographical composition of
ﬂoras or comparisons of distribution patterns frequently
reduce the huge number of species-speciﬁc distributions
to a comprehensive number of range types or geogra-
phical elements. Depending on taxonomic concepts
and geographical resolution of the databases used, the
number of different range types may vary enormously
between different studies. Concerning Central Europe
and the Mediterranean area, for example, altogether 131
different plant range types based on distribution
ranges and ecology of species were distinguished and
grouped into fewer higher-level categories by Meusel
and Ja¨ger (1992). In comparison, only 10 geographical
elements were inferred for North America and 14 for
East Asia by Qian (1999) and Qian et al. (2003),
although these latter regions are geographically larger
and host much richer ﬂoras. However, there is no
criterion or mathematically substantiated estimator that
would unambiguously favour one particular way of
deﬁning range types over others, or would suggest the
most appropriate number of range types dependent on
the geographical resolution and the geographical frame
of the distribution data.
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course of the present study using cluster analysis, the
vascular plants of the Eurasian Arctic are treated under
15 different types, which appears to be a sufﬁciently
detailed subdivision. A number of shortcomings are
identiﬁed for the methods employed to analyse the
presence/absence data of 1690 taxa across 184 prede-
ﬁned areas. Most obviously, the similarity measures
(Jaccard, Dice and squared Euclidean distance) fail to
recognise either strongly different narrow (local en-
demics, stenochorous species) or strikingly different
wide distributions. In recognising differences particu-
larly among wide distributions, the squared Euclidean
distance dissimilarity measure proved superior to the
others and thus was applied to the ﬁnal range type
estimations. It failed, however, to recognise local
endemics of disparate geographical distribution, such
as in the westernmost or easternmost Eurasian Arctic,
and assembled them collectively under the same type of
distribution, apparently as the result of their only
common biogeographical character, namely narrow
distribution. This cluster of ‘Small ranges’ will certainly
be suitable for deﬁning minor biogeographical sectors
within the Arctic in future analyses (comparable to
approaches starting with Braun-Blanquet 1923), using
similarity measures different from the ones employed
here. Local endemics, however, are insigniﬁcant relative
to more widespread species when comparing ﬂoras
across large areas.Range size distribution in the Eurasian Arctic
The biodiversity distribution in the Arctic and its
potential causes have been studied frequently (e.g.
Murray 1997; Yurtsev et al. 2001, 2002). Investigations
of the Eurasian Arctic relied mostly on local ﬂoras, i.e.
on complete inventories of small areas distributed across
the Arctic. Comparing range size distribution within
predeﬁned areas covering most of the Holarctic reveals
some new facets of the Eurasian Arctic ﬂora. There
seems to be a conspicuous predominance, although with
some exceptions, of smaller ranges in the eastern
Eurasian Arctic, whereas large ranges prevail in the
West.
One reason may be human impact, which is clearly
much more intense and perhaps older in the West,
implying that a large number of species in the western
Eurasian Arctic is not autochthonous but introduced
and naturalised. To identify these species and to correct
species number for human inﬂuence may be difﬁcult,
perhaps impossible. An alternative or additional factor
shaping the range size distribution observed may be the
current climate of Eurasia. Monthly isotherms are much
more amply spaced in western Eurasia than in the East.
Assuming that the sizes of species distributions arelargely a function of ecological constitution and climate
(e.g. Woodward 1987; Hoffmann 2002, 2005), a pre-
valence of large ranges must be expected for the western
Eurasian Arctic, whereas the steep climatic gradient in the
eastern Eurasian Arctic favours a higher number of small
to mid-sized ranges. Additionally, the latest glaciation,
which was more severe in the western than in the eastern
Eurasian Arctic (e.g. Frenzel et al. 1992; Wright et al.
1993; Svendsen et al. 2004), might have played some role,
but it is difﬁcult to estimate and impossible to test its
impact on present-day range size distribution.
Diversity patterns in the Eurasian Arctic
Within the Eurasian Arctic two centres of high species
diversity are encountered, one of which is situated in the
West (Kola Peninsula to the Polar Urals), the other in
the East (Chukotka). Takhtajan (1978) considered
Chukotka as the most species-rich area of the Arctic
as the result of his broader delineation of the Arctic in
Chukotka, including southerly areas not regarded as
part of the Arctic in the present study.
The wide area in between the western and eastern
Eurasian Arctic is conspicuously poorer in species,
except for the regions at the mouths of the Yenisey
River (AF8) and the Lena River (AF11) which are richer
in species than adjacent regions. An explanation for
higher diversity in the latter two regions may be their
peculiar mesoclimate resulting from the northward
transport of comparatively warm water which lengthens
the vegetation period and may enable more thermophilic
species to become established. The long-term agricultural
or pastoral use of the riverbanks may have increased the
number of weed species (Breckle and Agachanjanz 1994),
and a more intense transport of diaspores along these large
rivers might also contribute to species-richness in these
river plains. Thus, high diversity in these two regions most
likely is not only an artifact caused by better botanical
exploration compared to other stretches of the Russian
polar coast and adjacent taiga areas.
The ﬂoristic similarity between adjacent mainland
partial areas of the Eurasian Arctic is quite constant and
reﬂects a gradual change of the species inventory along
the longitudinal gradient that is not disrupted by
ﬂoristic boundaries. The subdivision of the Eurasian
Arctic into ﬂoristic provinces, as suggested on the basis
of rather few species that are restricted to some parts of
the Arctic (Yurtsev 1994), is not corroborated by the
comparison of partial areas in the present study.
How to distinguish between past and present-day
causes?
The centres of high plant biodiversity in the western
and eastern Eurasian Arctic differ not only in present-day
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latest glacial, the western Eurasian Arctic became
covered by an ice shield stretching to the Taymyr
Peninsula in the east, while extensive portions of north-
eastern Eurasia remained ice-free (Frenzel et al. 1992;
Wright et al. 1993). Temperatures were much lower
in the western than in the eastern Eurasian Arctic
(Wright et al. 1993; Brubaker et al. 1995) where mid-
summer temperatures were about 4K lower than today
(Kutzbach et al. 1993). Different drainage systems and,
thus, ice-dammed lakes during the glacial affected the
climate even at large distances from the ice shield
(Mangerud et al. 2004). Mid-summer temperature is of
crucial signiﬁcance to arctic plant life and thus
biodiversity (Matveyeva 1994; Walker 1995; present
analysis). The 4K lower mid-summer temperature may
have forced plants to migrate southwards in Beringia
but supposedly did not eradicate all plant life there.
Eradication presumably was the effect of the ice shield
of the western Eurasian Arctic, except for special sites
like nunataks. After retreat of the glaciers, colonisation
of the Arctic by plants started from southern refuges
which may correspond to present-day centres of highest
species numbers outside the Arctic described for
Europe, west and south Siberia, and the Far East.
Judging from the species richness observed across the
western Eurasian Arctic, the latest glacial can be ruled
out as the main factor impacting present-day alpha-
diversity, because the western Arctic, covered by an ice
shield during the latest glacial, harbours slightly more
species than the widely unglaciated eastern Arctic of
Eurasia. The diversity pattern thus is better explained by
ecological parameters affecting plant diversity, as is
evident also from the generally positive correlation
between species number and summer temperature/
precipitation (e.g. Walker 1995), both of which are
higher in the West than in the East of the Eurasian
Arctic.
Postglacial migration and recolonisation of newly ice-
free areas starting from refuge areas are difﬁcult to
relate to the current plant biodiversity distribution in the
Eurasian Arctic. Postglacial migration rates have been
estimated at between 100 and 1000m per year for
European tree species (Huntley 1991) but are unknown
for perennial or short-lived species present in the Arctic.
If slow or retarded plant migration rates were invoked
to explain the Eurasian arctic plant diversity gradient,
Beringia would be expected to be even richer in species
than observed because of the less severe effect of the
Quaternary glaciations. The latest glacial caused plants
to migrate less far southwards in the East than in the
West and had little impact on adjacent highly species-
rich areas in the southerly parts of East Asia in terms of
impoverishment (Qian et al. 2003). These regions can
even be expected to have served as reservoirs for the
recruitment of ‘new Arctic’ taxa in the East, furthercontributing to high diversity in the eastern Eurasian
Arctic, because comparatively species-rich regions were
absent in the West. The current plant distribution
revealed in this study, i.e. slightly higher species richness
in the West than in the East of arctic Eurasia, does not
conform with an exclusively historical perspective. The
steep climatic gradients in the eastern Eurasian Arctic
may impede or prevent a north- and westward spread of
East Eurasian arctic taxa, and most likely have acted
this way during the past 16,000 years.Beringia viewed from present-day plant
biogeography
The current distribution patterns of Eurasian arctic
plants impact the commonly acknowledged role of the
eastern Eurasian Arctic or of the whole of Beringia in
the sense of Hulte´n (1937, 1968) as a northern glacial
refuge. Many arctic species are present in several
southerly mountains of Asia or Europe (see above),
but none of these mountain ranges is ﬂoristically
conspicuously more similar to the arctic ﬂora than
others. A principal source of origin for the present day
Eurasian arctic ﬂora thus is not evident among any of
the different mountain ﬂoras of Eurasia (Europe,
Siberia, Central or East Asia).
Beringia harbours a higher number of endemics or
species with narrow distribution ranges than the western
Eurasian Arctic (Yurtsev 1994; this study), irrespective
of the overall poverty in endemics of the entire Arctic
which is thought to have resulted from the compara-
tively recent origin of this ﬂoristic region (e.g. Murray
1995). A high degree of endemism is usually considered
as indicative of a greater age of a particular ﬂora,
making the Beringian ﬂora in the geographical outline
of Hulte´n (1968) more ancient than the western
Eurasian arctic ﬂora. This also seems to agree with the
lower disturbance in the east during the last glacial.
When considering species with disjunct ranges as well as
endemics, a greater age of the Beringian ﬂora is difﬁcult
to demonstrate, because the western Eurasian Arctic
comprises 68 species with ‘Small ranges’, 92 species with
‘arctic northern European’ [NEur (arct)], and 123 with
‘European arctic-alpine’ [Eur (arct-alp)] range types. In
total, about 283 species of the western Eurasian Arctic
must have followed a pattern of southward migration
and postglacial return, or arrived for the ﬁrst time in the
Arctic only during the Holocene. If such species today
also grow in southern mountains such as the Alps
(European arctic-alpine range type), they are not
considered as western Eurasian arctic endemics in the
present study. The eastern Eurasian Arctic harbours 201
amphi-Beringian and 88 species with ‘Small range’
types, both of which have narrow distribution ranges,
giving a total of 289 species typical of the eastern
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Eurasian Arctic similar numbers of stenochorous species
are found, although these two regions may have strongly
different migration and phylogenetic histories. Species
with disjunct distribution ranges in the western Eurasian
Arctic are not necessarily younger than endemics of
Beringia. Therefore, dating and comparing the ages of
stenochorous plant species of the western and eastern
Eurasian Arctic by molecular approaches will be a
demanding task in future arctic biogeography to
distinguish between phylogenetic age and migration
histories. Many endemic Arctic species appear to be
quite specialised ecologically (Walker 1995), which may
be an indication of young phylogenetic age. However,
an opposite interpretation is possible as well. Most likely
sister taxa of the arctic endemic species occur in
southern high mountains, as suggested by the biogeo-
graphy of the Siberian, Central Asian, European and
some East Asian mountains (range types: Arctic-alpine
European, Arctic-alpine Eurasian, Alpine Siberian;
Fig. 3). Ecologically, arctic and alpine environments differ
signiﬁcantly in, for example, day length and seasonally
changing solar irradiation, but overall differences are
considered rather low (Ko¨rner 1995). This may allow the
apparently easy switch in adaptation to alpine or arctic
environments evident from rather recent population
differentiation or speciation (e.g. von Hagen and Kadereit
2002, Abbott and Brochmann 2003). Some arctic-alpine
distribution patterns collectively discussed by some
authors (e.g. Tolmachev 1960; Hulte´n 1937, 1958; Murray
1997) are disassembled in this study into different range
types, each of which is signiﬁcant in the geographically
structured diversity across the Eurasian Arctic. These
species together represent an only minor fraction in the
Eurasian arctic ﬂora; other biomes or habitats are perhaps
more signiﬁcant for taxon recruitment of the Arctic. An
example is the genus Artemisia in which plants of mainly
steppe habitats have proliferated into the Arctic (Tkach
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